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SPS @ CERN

e SuperProtonSynchrotron (since 1976)

e parameters
— circumference: 6.9 km g TS .
— beams for fixed target vl y
experiments e
~ protons up to 450 GeV/c /7 | PO sz
— lead up to 158 GeV/c | oL

i '--ECrmeT ik
PZ33

e past

— SppS proton-antiproton
collider
-> discovery of vector
bosons W%, Z
e NOW

— injector for LHC

e experiments
— Switzerland: west area (WA)
— France: north area (NA) - dileptons speak french!
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Dilepton experiments @ SPS

Experiment System Mass range Publications
HELIOS-1 up | p-Be (86) low mass Z.Phys. C68 (1995) 64
ee
HELIOS-3 pp | p-W,S-W (92) low & E.Phys.J. C13(2000)433
Intermediate
CERES ee | pBe, pAu, SAu (92/93) low mass PRL (1995) 1272
Pb-Au (95) Phys.Lett. B (1998) 405
Pb-Au (96) Nucl.Phys. A661 (1999) 23
CERES-2 ee | Pb-Au40 GeV (99) low mass PRL 91 (2002) 42301
Pb-Au 158 GeV (2000) preliminary data 2004
NA38/ up | p-A, S-Cu, S-U, Pb-Pb low (high m) E.Phys.J. C13 (2000) 69
NA50 intermediate E.Phys.J. C14 (2000) 443
NAG60 pp | p-A, In-In (2002,2003) >2m, PRL 96 (2006) 162302
p-A (2004)
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The CERES/NA45 experiment
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Experimental setup: CERES-1
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W-shield
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segmented target

13 x 25 um Au

10 cm

® segmented target
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e 13 Au disks (thickness: 25 um; diameter: 600 pum)

® Silicon drift chambers:

e provide vertex: o, = 216 um

HHHHHHHH

e provide event multiplicity (n =1.0-3.9)
e powerful tool to recognize conversions at the target
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Electron identification: RICH

RICH2

A,

® main tool for electron ID

® use the number of hits per ring (and their analog
sum) to recognize single and double rings
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Dielectron analysis strategy

tracking

J

electron identification
l

n’-Dalitz and y-conversion rejection

\
pairing
\

subtraction of background
(like-sign or mixed events)

ko

efficiency correction

b

mass spectrum
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e*e In p+Be & p+Au collisions
e dielectron mass spectra and expectation from a

‘cocktail’ of known sources

e Dalitz decays of neutral mesons (n°-»ye*e-andn, ®,n’, ¢)
¢ dielectron decays of vector mesons (p, ®, ¢ - e*e’)
o semileptonic decays of particles carrying charm quarks

. CERES

o-Be 450 GeV '« CERES o-Au 450 GeV

4

10 'ls 2.1<1 <265 10 ls 2.1<1<2.65 .
I p, >50 MeVic i p, > 50 MeVic 1

0 _ ®,, > 35 mrad 5[, 0, > 35 mrad

10 £

(dN, /dn) = 3.8 (dN,, /dn) =7.0

—
[aw]

>
(d°N__ /dndm) / (dN_, /dn) (50 MeV/c?)"!

(d°N__ /dndm) / (dN_, /dn) (50 MeV/c?)’
>

—
[aw]

0 | I | | 0.5' | I | | 1 . | I.I\1_.5 D — I | 05 — | 1 | — ‘1_.5
m_, (GeV/c®) m,_, (GeV/c?)

-> dielectron production in p+p and p+A collisions at SPS

HGS-HIRe

wwe well understood in terms of known hadronic sources
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What about heavy-ion collisions?

CERES PRL 92 (95) 1272

b 1o h p-Bed50 GeViu ; *E p-Au450 GeViu 5™ S'A“ EUU GEW"" E

- F o 21 <mn <265 ; 21 <n<265 21<n<2E5 3

= sf p, > 50 MeWic 5 p, =50 MeVic 5 p, > 200 MeVic ]

'-‘GJ., 10 F (dN_ id)=3.8 10 = N, /dn} = 7.0 10 + (dN, fdn} =125 |

g 10 [ 10 Hiz :

5 L R E

S E :’3 - W 3

= 1o 7L ie2 po Tl ! _

£ 10 E e = _ .

5 BfT - 2 M sl - ]
10 fE Meggt Sty +~*~w . egy \

pj-?..- -9 'Ir"} charm . N F E . charm F T . @

1 D E- I:. |.“x | };\ ; : | L I' ] Hi“- -llll"l:- .

0 05 1 0 05 1k

m,, (GeV/c) m,, (GeV/c)

e discovery of low mass e*e- enhancementin 1995
e significant excess in S-Au (factor ~5 for m>200 MeV)
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As heavy as It gets: Pb+Au

CERES Eur.Phys.Jour. C41(2005)475

® dielectron excess at low

L Pb-Au 158 AGeV

0/ 400~ 28% . .
<dN,jdn>=245 and intermediate

10° 1@ ombined 95/96 data i-g;_g*;jjm masses in HI collisions
6,535 mrad iIs well established

10° k

e Onsetat~2 m_
- w-it annihilation?

e maximum below p meson
near 400 MeV

- hint for modified p meson
in dense matter

<dN,/dm..>/<N_> (100 MeV/c?)"
3

108 |

(A } N G
0 02 04 06 038 1 12 14 16 T \ p*

L 6'

M. (GeV/c’)

e+
HGS-HIRe
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-t annihilation: theoretical approaches

e low mass enhancement due to wtix annihilation?

¢ spectral shape dominated p meson T
® vacuum p
e vacuum values of width and mass T
u . — 1/3
e in-medium p | mpz[«m >p*J e oael
e Brown-Rho scaling M, ( <9> Po
— dropping masses as chiral symmetry is restored
e Rapp-Wambach meltingresonances ~ "|—wmn =
— collision broadening of spectral function ol
— only indirectly related to CSR T 5l ooy
o medium modifications driven by =
baryon density : N\
e model space-time evolution )T Ny
== 0f collision T R

Week
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Theory versus CERES-1 data

e attempt to attribute the . Pb-Au 158 AGeV
observed excess to !

G6/G... =32 %

gea

<dN_ /dn>=245

e Vvacuumpmeson( ----) 10° 18 combined 95/96 data 2.1<n<2.65
— inconsistent with data 1K P>0.2 GeVie
# B,>35 mrad

— overshootin p region

— undershoots @ low mass
e modification p meson

— needed to describe data

<dN,/dm,>/<N_ > (100 MeV/c?)’
=
&

— data do not distinguish 107k
between
—— — broadening or melting of p-
meson (Rapp-Wambach) 10"
—-—- - dropping masses (Brown-Rho) w
® indication for medium 0 02 04 06 08 1 12 14 E1.6
modifications, but data are L Me(Gevie)
not accurate enough to e largest discrimination
=distinguish models betweenp/mand¢
N -> need mass resolution!
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CERES-1 - CERES-2

run 2000: 30 M events with centrality 7%
2 M events with centrality 20%
500 k minimum bias events

UV detector

158 AGeV/c
Pb beam™

1 1 1

TPC read-out chamber

TPC magpet coils

14°

voltage divider

HV cathode
TPC drift volume

1 1

1

-1 0
e additionof a TPC to CERES

e improved momentum resolution
e improved mass resolution

e dE/dx - hadron identification and
improved electron ID

e inhomogeneous magnetic field
-> a nightmare to calibrate

HGS-HIRe
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2 3

radial drift TPC: momentum and energy loss

Ap/p=2%®1%*p/GeV
Am/m =3.8 % for §

A(dE/dX)/(dE/dX) = 10%

14
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CERES-2 result

10
CERES/NA45  Pb-Au 15g jfik: e the CERES-1 results
p,>200 MeVic perSiStS
05k ©,.>35 mrad

e strong enhancement
in the low-mass
(a) region

e enhancement factor
(0.2<m < 1.1 GeV/c?)

> 3.1+ 0.3 (stat.)
e e but the improvement

} In mass resolution

0 02 04 08 08 1 12 14 16 isn’t outrageous
M, (GeV/c?)

2.1<1<2.65

[‘H—
o
=
[}
=
=
(=]
-
A

=

[ ]
=
")
v
A

%
E
=}
B
z
=
W
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Dropping mass, broadening, or thermal radiation
e interpretations invoke 10
o T DpDY* D e*e :

II|III|III|III|III|III|III|III|III_
CERES/NA45 Pb-Au 158 A GeV |

Preliminary Sy Jﬁtot” 7%

p,>200 MeV/c
®,..>35 mrad

2.1<1<2.65

ﬂ
<dN,/dm,.>/<N_,>(100 MeV/c’)"
o

e thermal radiation from
hadron gas

e vacuum p not enough to
reproduce the data
* in-medium modifications of p:

IIO.2I IO.4I 06 08 1

_ .. (GeVic?

+ broadening p spectral shap oo (GeTE)
(Rappand Wambach) “ thermal radiation

% drOpping p Meson mass e*e yield calculated from qq annihilation in pQCD
(Brown et al) (B.Kampfer et al)

1 | 1 | 1 | |||| L L 1 (-
2 14 16 1.8
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CERES @ low energy (40 GeV/c)

o PRoteom ol
e data taklng in 1999 and 2000 ° %PbAu40AGeV 6lo ~30%

e improved mass resolution <N an>=21s |

N 7 2.11<n<2.64
e improved background rejection ¢ " 4 502 Gl
e results remain statistics limited R Oc>35 mrad

bl
-6 N
RN

e Pb-Au at 40 AGeV

e enhancement for
m,.> 0.2 GeV/c?
— 5.9+1.5(stah+1.2(sys)+1.8(decay)

<dN . /dm . >/<N , > (100 MeV/c )'1

O 02 04 06 08 1 12

strong enhancement at lower \s M e (GeVIC )

or larger baryon density

—————— vacuum p
eoure | e Brown-Rho scaling

Week

——— broadening of p
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And what about p; dependence?

1/p,_(<dN./dp, >/<N ,>) (GeVic) *

m..<0.2 GeV/c? 0.2<m_.<0.7 GeVI/c? m,.>0.7 GeV/c?
- CERESINA45  Pb-Au158 A GeV - CERESINA5  Pb-Au 158 A GeV CERES/NA45  Pb-Au 158 A GeV
Preliminary 2 3 imil 3 imi
Mec<200MeVic Preliminary 200MeVic m,<T00MeVic ? Preliminary m.>700MeVic 2
p>100 MeVic 0100 MeVic p,>100 MeV/c
o 0,,>35 mrad ,.>35 mrad 2 ©g>35 mrad
4 °a 21<1<2.65 2.4<1<2.65 2.1<1<2.65
S A<n<2.
. ;

. - —-
10" | SN
%\\
8 I h \
10 ¢ 3 ~
10-9 Il \/L"/‘\—L [ ‘ L1l ‘ L1l ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ Il Il “L“ \v\\\!\“ 7\ L1 ‘ 111 ‘ 111 ‘ L1l ‘ 111 ‘ L1l ‘ Il Il ‘ Il ‘ L1 ‘ Il Il Il ‘ L1 ‘ L1 ‘ Il Il ‘ L1 ‘ L1l ‘ L1l ‘ Il Ik ‘ \1’\ ‘ L1
0 02 04 06 08 1 12 14 16 18 20 02 04 06 08 1 12 14 16 18 20 02 04 06 08 1 12 14 16 18 2
pt.. (GeVic) pt. (GeVic) pt.. (GeVic)

® low mass e*e- enhancement at low p+

HGS-HIRe
Lecture
Week

hadron cocktail
—— Brown-Rho scaling
——— broadening of p

e qualitatively in a agreement with =z annihilation
e p; distribution has little discriminative power

18
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Centrality dependence of excess

LL m,.<0.2 GeV/c? - 0.2<m,<0.6GeV/c? : m,.>0.6 GeV/c?
— a | Bl strong centrality dependence
ij = g " CERES ' I -challenge for theory !
S e pr > 200 MeVic - —
O o ' « o '
S £ | T
2 S | ®1995/96 _ - +
™S ® 2000 % g
LL 22F r ’ + '
C | o !
@ e
1 b —e———N——
O 1 1 ] ] L 1 T T ] 1 ] ] 1 L | - o0
0 200 400 200 400 200 400

dN,/dn
® naive expectation: quadratic multiplicity dependence

e medium radiation oc particle density squared

e more realistic: smaller than quadratic increase
== o density profile in transverse plane

o life time of reaction volume
- 19 Alberica Toia @




What did we get from CERES?

e first systematic study of e*e- production in
elementary and HI collisions at SPS energies

e pp and pA collisions are consistent with the
expectation from known hadronic sources

e astrong low-mass low-p; enhancement is observed
In HI collisions

-> consistent with in-medium modification of the
p meson
-> data can’t distinguish between two scenarios

> dropping p mass as direct consequence of CSR
> collisional broadening of p in dense medium

e WHAT IS NEEDED FOR PROGRESS?
o STATISTICS

= o MASS RESOLUTION

! 20 Alberica Toia @




How to overcome these limitations

® more statistics
e run forever = not an option

e higher interaction rate
— higher beam intensity
— thicker target

e Nneeded to tolerate this
— extremely selective hardware trigger
— reduced sensitivity to secondary interactions, e.g. in target

e = can’t be done with dielectrons as a probe, but
dimuons are just fine!

® better mass resolution
e stronger magnetic field

e detectors with better position resolution
e = silicon tracker embedded in strong magnetic field!

21 Alberica Toia @



The NAGO experlment

® a huge hadron
absorber and
muon spectrometer
(and trigger!)

_____

R et ssLedle

& =
3 !‘?,
" )

sl e @ and a tiny,

) high resolution,
radiation hard
vertex
spectrometer

22 Alberica Toia &y




Standard p*u detection: NA5O

beam

muon trigger and tracking

— Other
target
I—éff —

’/

plal} onaubew

hadron absorber

thick hadron absorber to reject hadronic background

trigger system based on fast detectors to select muon
candidates (1 in 10% PbPb collisions at SPS energy)

muon tracks reconstructed by a spectrometer (tracking
detectors+magnetic field)

extrapolate muon tracks back to the target taking into
account multiple scattering and energy loss, but ...

e poor reconstruction of interaction vertex (o, ~10 cm)
e poor mass resolution (80 MeV at the ¢)

23 Alberica Toia
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A step forward: the NA6O case

4 beam
tracker s
| -
\
or

- e e e = e e e e e e e e e e e e

vertex tracker

— Other

muon trigger and tracking

W

Il
T

o
—
——
[
—

o=

______________________________

" hadron absorber

plal} onaubew

® origin of muons can be determined accurately

HGS-HIRe

. ® Improved dimuon mass resolution

24

matching of muon tracks
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The NAGO pixel vertex spectrometer

DIPOLE MAGNET
2.5 1

HADRON ABSORBER

R
TARGETS
<

e 12 tracking points with good acceptance

e 8small 4-chip planes

e 8large 8-chip planes in 4 tracking stations
® ~3% X, per plane

e 750 um Si readout chip

e 300 um Si sensor
e ceramic hybrid

e 800000 readout channels m—l
resurs - 1N 96 pixel assemblies

Week
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10°
10° ——
] ’ In targets
10° o 3
E ! 102 -0 98 a6 9.4 9.2 "...,“ * ‘o "i .
10* - . ' +
.
107 5 Beam Tracker
] Sensors
102 <
3 "
. I
o i
3 windows
I i m |
| T T T T | T T T I T T T T | T T T T I T T T T | T T

-50 -40 -30 -20 -10 0 0
z (cm}

o, ~ 200 um along the beam direction
Good vertex identification with > 4 tracks

HGS-HIRe
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Week
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Vertexing in NAGO

=R .
s |1 X Resolution ~ 10 - 20 um
30 1 4 In the transverse
20 ¥ “AT
“u -
—I.__’_ -
Ak .
1° _ _._.T__ _ L__‘ l"'"‘_-L-:--I-—-.___
g R e g |
1  Vertex resolution (assuming G, =20 pum) -
n T | T T T T T T T | T T T T | T T
a0 100 150 200
Humber of tracks
10°
10° 4
“, 10°
"'}103—;
10’;
10—E
1 T T L — T T
2 1 0 1 2

Extremely clean target
identification (Log scale!)

‘(_I—HN E !
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Contributions to mass resolution

e two components v
e multiple scattering in the hadron I |
absorber gy
— dominant at low momentum i o
e tracking accuracy oiz |
— dominant at high momentum 0.10

® high mass dimuons (~3 GeV/c?) °
e absorber doesn’t matter b

o.oa FCon Ml

e low mass dimuons (~1 GeV/c?)  oo|
e absorberis crucial O 1 2 3 4 5 6 7T B

MoiGaV St
e Mmomentum measurement before
the absorber promises huge improvement
INn mass resolution

® - track matching is critical for high resolution
low mass dimuon measurements!

HGS-HIRe
Lecture
Week
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HGS-HIRe

Lecture
Week

Muon spectrometer

Muon track matching

Absorber Pixel telescope

Measured points

N

Zy

Measured points

~
N

-
~

/
—>(1) ,/ \‘

_-.#,2.,/_—.

P2

28

Z;

® track matching has to be done in
e position space
e MoOomentum space

® to be most effective
® - the pixel telescope has to be a spectrometer!

Alberica Toia
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Improvement in mass resolution

® unlike sign dimuon mass i 000 A
distribution before quality 2 S 25000
= | ®(1020)
cuts and without muon < f
track matching & 200000
- e | #(1020)
g 10° ?‘P\'Y Gy(d) ~ 80 MeV o 2 15000 oy(d) ~ 20 MeV
o E ...'n E :
24 5 “ <
810 é_/\ T 10000}
c - . u
= T ", i
~"':'; 't 'a;::::” ::‘.'.GM(J/\V) ~100MevV |
g - - i oy (JIy) ~ 70 MeV
% " _ . Vertex selection and cg" - 'u.ls' L 4 e e
A = , muon track matching o M (GeV)
e 80% o ’-.., e drastic improvementin
- | 4000 A Colleocted statistics) w ;l e s o8 | t
1oL o004 | (100% of Wil VM M mass resolution
E. —— Icollected StatIStICSR y ﬁﬂf HLuﬁLnuﬂ. ° Stl” a |al‘ge unph Slcal
0 1 2 7 y
background
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Nothing Is perfect: fake matches

e fake match: u matched to wrong track in pixel telescope
e Importantin high multiplicity events

0.14—_ e
Muon spectrometer 1 :
042 —— Signal
fake : -
= T " Fake Matches
0.08— et
: ] —t P S
< 0.06— I e
correct ] - .
0.04- -
Hadron absorber e .
i ——y
0.02— o
DU U N

T T T | T T T T
0 0.5 1 15 2 25 3
Matching »*

e how to deal with fake matches
o keep track with best 2 (but is is right?)
e embedding of muon tracks into other event

e identify fake matches and determine the fraction of these relative to
correct matches as function of

HGS-HIRe — Centl’a| |ty

Lecture
Week

— transverse momentum
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Event mixing: like-sign pairs

® compare measured and mixed like-sign pairs

-
o
[&4]

—_
<

dN/dM per 20 MeV

-
o
w

102

-
o

o ]

Like-sign combinatorial background

D;:ata ++ g%
Mixed ++ %ﬂiﬁ

Data -- {ﬁ*#;ﬂmr

Mixed --

M (GeV)

=
o

1.1

1.06

1.02
1
0.98

0.96F—. ...

0.94

0.0 [ e oo g g e e e g

o
o
N

: Data++/Mixed++

4

: 4+++++++ .

+ EEArS
W

ab AR

+ |
T
_F_W*ﬁ\i\ll‘l\\illl‘

_"‘ll\\l\ll‘l\\l\l\‘lll

0.4 0.6 0.8

2=
—_N
0]
0]
=
IS

ratio

1.1

DB v b

1.06

; Data- fMixed

102 i

o

0.98
0.96
0.94
0.92

0.9

=

*L *d*H .JH

+++ %

+f et

+Hf+ + e ]

gy ey

"‘III‘III‘H\' |

o=z 04 06 0.8

N (GeV)

® accuracy in NA60O: ~1% over the full mass range

HGS-HIRe
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LMR data: peripheral (N.,<30) In-In collisions

Well described by meson decay ‘cocktail’: n, n’, p, w, f and DD contributions
(Genesis generator developed within CERES and adapted for dimuons by

NAGO).
Eur.Phys.J.C49 (2007) 235
2 In-In Peripheral E
= 10° |- all Pt =
) - » o
— B * * signal pairs 4
& B cocktail -‘%
o B 3
= | | =
= - =)
2 3
‘O -
10% |—
- 1 | *
d PWH
3 .
10 WA m| |fll| A b __|
0 0.2 0.4 0.6 0.8 1 1.2 1.4
M (GeV)

Eur.Phys.J.C 43 (2005) 407

>

10+

Similar cocktail describes NA60

p-Be,In,Pb 400 GeV data

32
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EM transition form-factorsfor @ — u* 7’ and n—> u 'y
peripheral NAGO Inln data

—

dN/dM (a.u.

Acceptance-corrected data (after subtraction of n,0 and ¢ peaks) I TN Ty

fitted by three contributions: pole approximation:
AT —>u'1y) 2a T, M) [, 2m2)(, 4m2Y"” ;. |
T S o | o) o IR F(m:,)| =-m,/x)

3/2

1/2 2
df(w—mfﬂﬂo):gr(w—)ﬂoif)(Hmet](l_“mfzj Hler i J_4m2mfm] 5

2 2 2 2 2 2 2
dmﬂ” 3 m.,,, m m —-m’ m;, —m>,

uu u ®

3

2

2
F(u (m,u,u)

N

[1_ 4”‘5 T 2{1_ 4”‘5J [1+ 2”‘5J » Confirmed anomaly of F, wrt the VDM prediction.
dR(p>u'w’) _ azmi M (27ZMT )3/2 e~

M2 M2 M
aM ~3@20) M —m F+M°T? " = |mproved errors wrt the Lepton-G results.
Vel
= Removes FF ambiguity in the ‘cocktail’
107
- In-In
C ’ + data o N_;035
= - SA2 < -2
Rty =3 NABO - A;=1.95+0.17+0.04GeV" L r NAGD  :A,=2.2420.06£0.02 Gev
— D A2 2
| Ot U0 101 Lepton G: A2=1 9040 4 Gev? i Lepton G: A?=2.36+0.21 GeV .
uTh i ; a2 2 {
6 p—ptu F UMD AZ-18 Gev? . _VMD © AZ=1.68 GeV |
10° L E
u KW(n) I C
- B KWV(o) . i o—u*un?
B I B n—u uwy L
0 1{]:—
7 :
10° L ,/‘m I
i ) _,.-—‘;Lf'.’FI 1
. .l'. L ']:— — | v
Il - : |
|||||.‘.T| | EEEE T T T N FEE | o b b b b b b b

) -|1 0 0.1 0.2 03 04 05 06 0 01 02 03 04 05 06 07
M (GeV) M (GeV) M{geV)



LMR data: Min.Bias In-In collisions

—
o
[54]

dN/dM per 10 MeV

—
=
s

10°

III|III|III|III|III|IIII"|'LJI

No centrality selection

opposite-sign pairs
combinatecrial background
fake matches ---

signal pairs

5=360000
S/B=1/7

-.':II

0O 02 04 06 08

1 1.2 14 16 18 2
M (GeV)
34

dN/dM per 10 MeV

Low Mass Region
Improvement

« Statistics

* Resolution

10000} 4
i Yy
B + .
8000|— 4 ¢
B ' 4
i ++++ 1 +
6000|— + *
i ++ + 4
B 4 .
- 4 it
4000|— "*++ *
B ++ + + + ]
i A ¢ .
2000} i 4t + P
i KO RO
| Hl‘“
= | B|R= 5.§X10'6!| | -
0 0.2 0.4 0.6 0.8 1 1.2
M (GeV)
" " CERMN
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Cocktail subtraction (without p)

® how to naill down an unknown source?

® - try to find excess above cocktail without fit constraints
““g_ 20000 Mo centrality selection e wand ¢: fixyields such as
% i . all p, to get, after subtraction, a
= ! ' . smooth underlying
% isocol. | ¢ continuum
= [ |f |
% : '||III#‘ IIJ ’ o n .
10000}~ |+ | (V) set upper limit,
! 5\ W ] b defined by “saturating”
R A fo the measured yield in
50001 P }_l h the mass region close
| | » . .
L [\ YW / b to 0.2 GeV (lower limit
i 1"‘"‘ 1' n—up I
| J 1 II I“II. I:.--.I..I|Ill | oo IJI l Il|‘*—..-|--_|. | | .‘* m*ﬂ for exceSS).
o s

b 03 o4 06 08 1 1z 14 (A) use yield measured for
M (GeV/
(GeV/c?) p;>1.4 GeVic
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Excess VErsus centrallty

S 29 A s | w -

5 ol H’ YY* *‘y, ¥ 1001 + W“'* ﬁ, 100F .
T Wepe T e ﬁ | data — cocktail
R i Yo 1M(é;'§v) MI 502 04 06 08 1M(23§V) 1.4 02 04 08 08 M(GeV 1.4 (a” pT)

3500130<ch /dn<50 gsoof5o<dN fen<70 21000_70 dN,,/dn<80

= | s b oa & [ alpr I

s N No cocktail p and no

Sud gt 2t DD subtracted

NN, % e +* R g

200j o ? W* 2001 W v 17 M
*ﬁﬁ* e s w | ﬂ 5 va c % b W*%w,,

- T il '4> e« Clear excess above the

$1000/-90<dN,,/dn<110 3 [110<dN,/dn<130 2 [130<dN,/dn<150 .

L oot A Srooof  2MPr cocktail p, centered at

£ soof WWM ) 5 o #w s | # the nominal p pole and

" AL Wﬁ ’ rising with centralit
ol &M : ’?‘ Mn g y

OO 02 0.4 06 OB

0 02 04 06 08 72 14 o T4
062 04 06 08 1.4
M (GeV) M (Gev) GeV)
> >
L 170<dN,,/dn<190
Z1000- <a” /0N 3 F 170<dN/dn<190 2 0o 190<0N,/dn<240
I : Pr =800 allp, & [ alp ° E
k o T% fuo] XCess even more
S s00 3 ool | | = pronounced at low p;
© ﬂ' #ﬂ’ z ﬂv © 200
200F *Ft
0 - L h ; | N | *mw Q’ PRSI 0 1 PR 5=, ooy T B
0 02 04 06 08 .4 %62 04 06 08 11z 14 002 04 06 08 12 14
" v (@) M (GeV) " 1 (Gav)
HGS-HIRe
Lecture
Week
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Excess shape versus centrality

Quantify the peak and the broad symmetric continuum with a mass interval C around the
peak (0.64 <M<0.84 GeV) and two equal side bins L, U

3500

= B
© [ InInSemiCentra _
= ol | L continuum = 3/2(L+U)
o] 25002_ At peak = C-1/2(L+U)
S 2000 L iy
S ts00f- #ﬂ### Fine analysis in 12 centrality bins
1000 - 107
R A
S SN B R NS My

L L 1 | L
0 a2 04 0.6 08 1 1.4

M (GeV)
Peak/cocktail p drops by a factor ~2 15
from peripheral to central: 1

the peak seen is not the cocktalil p

;pee;]k/icc?n_ti_n_u.um +* * _________________ i

nontrivial changes of all three . e
e variables at dN,/dy>100 ? 10 10° dNey/dy

Week
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Comparison with prominent models

e Rapp & Wambach

e hadronic model with strong broadening but no mass shift

® Brown & Rho

e dropping mass due to dropping chiral condensate

w
()]
(=]
o

>
- In-In NABO
O 3gp0l- semicentral —— Rapp/Wambach
(:l - dN == Brown/Rho
S i == Vacuump
= 20 I = cockt. p
= i\
T 2000
1500
1000}
500}
0 N L
HG 0

e calculations for all scenarios
In In-In for dN_,,/dn = 140
(Rapp et al.)

e® spectral functions after
acceptance filtering, averaged
over space-time and momenta

e Keeping original
normalization

data consistent with

broadening of p (RW),
mass shift (BR) not needed

38
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Role of baryons

e improved model calculation (Rapp & van Hees)
e fireball dynamics
o 41 Processes
e absolute normalization!

e towards high p;the vacuum p becomes more important
(Rapp/van Hees; Renk/Ruppert)

160U T central In-In ||| II AT e ] 1600 T cantral In-In
1400 | ; \ sum (free) - 1400 | all p
i\ sum (no bar.)
7 1200 | QEEDD 7 1200 |
2 1000 Z 1000
%_ 300 | - g_ 300 |
= 600 | - = g0 |
z fy Z
400 3 ] 400
200 : 200
D f— m D
1 12 14
e without baryons
oS Hie — not enough broadening
= — lack of strength below the p peak
p
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The high mass region (M>1GeV)

e hadron-parton duality

Rapp / van Hees Ruppert / Renk
L DL B LA DL L L L L B 2000 T l T |
1600 T ceneral In-In | Efdm i _ [
1400 all PI o QGE | I —_ Inﬁtldrzli:oRthmega (Eletsky et. al)
1500 I = Qb
- 1200t : — Ddbar
g | . a / ' -“— ggl:?\?gg%lg‘of?scta subtractiol
E. IEI::I[:I [ g ‘ I‘ 1L raction
%‘ 20 F 2&1000 -
2 qnf :
=
400 ¢ 500 i
T
i L 1T ]
..'.'::"::' : J' ] e H&II:I
0 ' A it A S —
02 04 06 08 1 12 1 i _ I B
M [GeV]
e dominant at high M e dominant at high M
e hadronic processes e partonic processes
o 4m... e mainly ggbar annihilation

Lecture
Week
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Intermediate mass region (IMR)

® NASQ: excess observed in IMR

In central Pb-Pb collisions
e charm enhancement?

e thermal radiation?

+ ..

10 g

% +

3

S|t

- \

: &N

s *NASO

R 1 ~- charm A AN

2%10 —-— Drell-Yan \ '\

o -~ thermal £9%
— total \\‘\
s (OOP VLR

10° 't

(158AGeV)

0o 1 > 3
M [GeV1

NA50 Pb—Pb
<Ny >=381

central
collisions
DD . I
T B T
1 2 3 4 5 6

M (GeV/c?)

® answering this question was one of the main

HGS-HIRe
Lecture
Week

motivations for building NA6O

41
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Disentangling the sources in the IMR

® charm quark-antiquark pairs are mainly }<+
produced in hard scattering processes ]‘/’
In the earliest phase of the collisions

/
gl

| |

N

e charmed hadrons are “long”
100 lived - identify the typical
D offset (“displaced vertex”) of
D-meson decays (~100 um)

® need superb vertexing
" /T accuracy (20-30 um in the
Ve transverse plane) = NAG60O
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How well does this work?

® measure for vertex displacement
e primary vertex resolution
e momentum dependence of secondary vertex resolutions
e - “dimuon weighted offset”

e charm decays (D mesons) - displaced

e J/y > prompt - P
: : 10" e
® vertex tracking is ' * ' +._ Charm(MC)
well under control! e ° v T
. - _:_ Jﬁ_l[ {Da‘ta} - —
107 ' !_:_. L .
* e 1 |
104 - Jy(MC) o+ [
10* Ik

Q 0.5 1 1.5 2 2.5 | .5 4 4.5 =]
HGS-HIRe A (dimuen weighted offzet)

Lecture
Week

! 43 Alberica Toia @




IMR excess: enhanced charm?

® approach
e fixthe prompt contribution to the expected Drell-Yan yield

e check whether the offset distribution is consistent with charm
Eur.Phys.J. C59 (2009) 607

| Data
\ il gy Prompt: 1.10 (fixed)
1073 _l_l_r_‘:-:l Charm : 1.74+0.09
. | : Fit ¥2/NDF:13.3
N LI_EE‘_?q= X
|
|
102 P
] | —_
t I | DD
]
10 5
. Prompt
~50“m ~1m
1 T I T T | T T T T | I T T I | T I T T | | . I | |
0 1 2 3 4 5

A, Weighted offset

i~ ® charm can’t describe the small offset region!

Week
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How many prompt palrs are needed?

® approach

o fit offset distribution with
both charm and prompt
contributions as free
parameters

® prompt component

e ~2.4times larger than
Drell-Yan contribution

® charm component

e ~70% of the yield
extrapolated from
NAS5Q’s p-A data

HGS-HIRe
Lecture
Week

10° =

10° 5

Data
Prompt: 1.10 (fixed)
Charm : 1.84+0.09

Fit x%NDF: 1.0

i Fit, [DD L ST
| .-
|
range
1 T T T | T T T T | T T T T | U T T T | T T T T |_|_|i|| | ’_I.I T | |||||||| I T
1.5 2 2.5 3 3.5 4 45 5 55
Mass (GeV/c?)

Data
Prompt: 2.29+0.08
Charm: 1.16+0.16
Fit x2/NDF: 0.6

10 4

:.:,:, |
 — —
ProM
1 I | T — | ]
0 1 2 3 4 5
A, Weighted offset
Eur.Phys.J. C59 (2009) 607
Alberica Toia )
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Decomposition of mass spectrum

e IMR: 1.16 <M < 2.56 GeV/c? (between ¢ and J/y)

e definition of excess
e excess =signal — [ Drell-Yan (1.0+£0.1) + Charm (0.7£0.15) ]

104 X, Open charm

dN/dM, acc. corr.

<
Ll

10°-

1T LI T | L III|III|III
12 14 16 18 2 22 24

Mass (GeV/c?)
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Centrality & prdependence of IMR excess

5 ® increase more than
proportional to N

® but also more than
proportional to N,

Excess/DY

® p, distributionis
significantly softer than
the (hard) Drell-Yan

contribution: rules out

. —+— . .
; —F— 3 higher-twist DY ? [qiu, zhang,
- S Phys. Lett. B 525, (2002) 265]
0 0.5 1 1.5 2 2.5
HHHHHH P; (GeV/c)
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More detailed |look at p+- dependence

® Investigate excess in different mass regions as

function of my

e fit with exponential function (shown for IMR)

e extract T, slope parameter

dN —My /Teff
m-dm,

® <T.>~ 190 MeV

e IS this related to
temperature?

e If SO, thisis close
wwm O the critical

102 3

10 T T T

t -
"""""""
ey,

20 -256 1712313

* M(GeV) T (MeV)
1074 Y. 1.16-1.40 199+21:3
gt AW 1.40-2.0  193+16+2

0

0.2

m_-M {}:iev]

= temperature at which the QCD phase transition occurs

48
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Interpretation of T

® interpretation of T, from fitting to exp(-m+/T)
e sStatic source: T interpreted as the source temperature
e radially expanding source:
—T reflects temperature and flow velocity
—Tsdependens on the m; range

. 1+v
—large p; limit: T, =T, [—L p, >>m common to all hadrons

1-v.
—low pylimit: T, =T, +§m <VT>2 P; <<m mass ordering of hadrons

e final spectra: space-time history T,—>T;, & emission time
e hadrons
—interact strongly
—freeze out at different times depending on cross section with pions
—T.+ = temperature and flow velocity at thermal freeze out

e dileptons
—do not interact strongly
—decouple from medium after emission
ek —T. = temperature and velocity evolution averaged over emission time
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Mass ordering of hadronic slopes

e separation of thermal and collective motion

® reminder

e blast wave fit to all 2 ]
hadrons simultaneously O ]
=

® simplest approach - ]

0.4 —

0.5 —

158 AGeV Central collisions

T, sz+%m<VT>2 P, <<M 1

e slopeof <T>Vvs.mis 03 —
related to radial expansion

e baselineis related to .

thermal motion 0o —
e works (at least ]
qgualitatively) at SPS 01_i T K o b A d
0 | | 0!5 o | 4 - | 1.|5 o 2
M (Gev)
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Example of hydr(mmamlc evolution

(spec:|f|cfor In- In Dusllng et al)
T=13 Ma‘-.-’

- T=150,MeV

hadron[ ©H
phase <

parton
phase

- T=200 ME".I’

] 1 2 3 4 3] ~
R (fm)

® dileptons may allow to

disentangle emission times

e early emission (parton phase)
— large T, small v,

== o |ate emission (hadron phase)
- —small T, large v+

51

10

® monotonic
decrease of

T from

e early times
to late times

e Mmedium center
to edge

® monotonic
Increase of

v from

e early times
to late times

e Mmedium center
to edge

qCI-RN ??
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NAGO analysis of m. spectrain In-In

Phys. Rev. Lett. 96 (2006) 162302

| In-In NAB0  Nocentrality selecton | ® decomposition of low mass
all . region

e contributions of mesons (n,®,$)
. e continuum plus p meson

T e extraction of vacuum p

V
(%]
o
o
o
(=]

dN/dM per 20 Me

20000~

® hadron m- spectra for

°* M,®,0
e Vacuum p

T—>LLLLY

10000~

popp

e dilepton m; spectra for
L M e |lOW mass excess
¢ 02 04 06 08 1 12 14 e intermediate mass excess

HGS-HIRe
Lecture
Week
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Examples of m, distributions

c - dN,,/dn>30 NAGO In-In ® variation with mass are
- 10 E 4*7
o] 0.2<M<0.4 GeV :
§ 4 obvious
El_wa“: + 0.6<M<0.9 GeV
- ¢
;i Te 1.0<M<1.4 GeV
-Z_m?{ ‘ —10° E
E E = dN,/dn>30  0.6<M<0.9 GeV
-~ E | il
10% ° 7 Full p-like region
(x 6) g 107 Peak
(x3) A - Continuum
10° -
A S 10°E
0 02 04 06 08 1 1.2 14 16 18 -
m-M (GeV) i
- T=255t4 MeV
107 Te=300+17 MeV
- T.4=230+6 MeV

02 04 06 08 1 12 14 16
m~M (GeV)

Week

o
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Dllepton TQH systematics

cTl

< 350- _ _

%} i NAGO In- In dimuons @ hadrons (Tl, ®, P, (I))
= dN, ‘{d“ﬁo ¥ LMR, In- ﬁedlum : o Ty depends on mass
I_% 300_ ____________________________________ _____________ | + _______________ _________________________________ ""'I'MR _______ WJ"@"'D’Y ______________________ - ° Teff smaller for (I)’

decouples early
o T large for p,

_ decouples late
- ® |oW mass excess

e clear flow effect visible

e followstrend set by
hadrons

e possible late emission

_ - ® intermediate mass
1009 05 '1 1’5 3 o5 EXCESS

250~

200~

150

Eur.Phys.J. C (2009), in press, nucl-ex/0812.3053 M (GeV) e NO MAss dependence
e indication for early
HGS-HIRe em ISS I O n
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Polarization of dileptons

2 [ NA60Indn 2 [ NAGDInn Submitted to PRL, nucl-ex/0812.3100
= i p>0.6 GeV excess (0.4<M=0.6 GeV) = T p>06 GeV excess (0.6=M<0.9 GeV)
8 r 8 t
- =)
= 150 =
= - = :
—‘+—_J,_ _‘& " . +
1_ +_ [ +_ —+'_— -__* 1 —— + I —*—_———+—.-
05 h=-0.10+0.24 0.5 h=-0.13£0.12
:||||I||||I||||I||||I....I....I....I.... : | | | L L L
a 0.1 0.2 0.3 0. 0.5 0.6 0.7 0.8 o 0.2 0.4 0.8 0.8
|cosa| |cos8|
% C NAGO In-In % C NAGO In-In
; 2:— p=>0.6 GeV excess (0.4<M<0.6 GeV) ; z:— p,>0.6 GeV excess (0.6=M<0.9 GeV)
o r 3
Z Z
= 1.5 = 1.5~
& Foi . —f— "
: %@%*tf*—ﬂ\éﬂ;% ‘*‘ ' == — ="
i v=0.10+0.18 “r v =0.00£0.12
: 1 I | | P N T T T T I :uuu.I....I....I....I....I....I.
a 0.5 1 1.5 2 2.5 3 o 0.5 1 1.5 2 2.5 3
] o] (rad)
NAGO also measured the polarization (in the CoIIins-Soper frame) for ms m,
1 do

— == 1+ Ac0s? 6?+ysm26?cos¢+ sin” @ cos 2¢
o dQ 2

Lack of any polarization in excess (and in hadrons) supports emission from thermalized source.

"o 55 AlbericaToia 55 ')




Evidence of w in-medium effects?

Eur.Phys.J. C (2009), in press, nucl-ex/0812.3053

—_ 10" —
= NAGBQ In-In Semicentral . ® prspectra F’erlpher.al
S 107E <dN,,/dn>=140 o - SemiPeripheral
& Z10° = SemiCentral
- o O N E Central
e [ ) o .
s | T (0-3.0GeV) = 2462 3MeV =L —
% 10 = T (0.4-2.0GeV) = 246+4 MeV i_+__._ —
|_ : r _._ _._ _._
E - r —— o —
= - 10 =o— — —
F —— —— ——
10° : —— R ——
c L —— . P
C 10° & ——
E —— —
B C — — -
10 v © I * ——
= 2
C T, (08-30GeV) = 247+3 MeV —— 10" = —
| T.(0.4-2.0GeV) = 246+4 MeV f .
103_— o b e b e b b e e
L U L AL L L DU L L 0 02 04 06 0.8 1 12 14 16 1.8 2
0 0.5 1 1.5 2 (GeV)
m-M (GeV) Py

Flattening of the p; distributions at low p+, developing very fast with centrality.
Low-pT w’s have more chances to decay inside the fireball ?

Appearance of that yield elsewhere in the spectrum, due to w mass shift and/or
broadening, unmeasurable due to masking by the much stronger nr—pp contribution.

tesHxisappearance of yield out of narrow w peak in nominal pole position

Lectu e
Wee <

Ty = Can only measure disappearance
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® Yyield suppression

. . . \
Determine suppression vs pr with respectto dN /dm’ ~ exp(— My /T EurPhys.d.C(2009),in press nuckex/0812.3053

(extrapolated from p>1GeV/c)

Account for difference in flow effects using the results of the Blast Wave analysis

0.05
= 1 Blast Wave <dN/dnp=17
=~ 1 Central T,,=248.5:6 MeV <dN,,/dn>=70
E, 0.04- =110 MeV. & <>=0.40 <dN,,/dn>=140
v <dN_,/dn>=193
N
L
] Peripheral
I x 2.2 e i
| 1.45 SemiPeripheral |
0.01 XA _
I x1.10 SemiCentral
] Central
0;
0 0.5 1 1.5 2 2.5 3
* p; (GeV)

Reference line: ¢/N,,; = 0.0284 f.ph.s. (central coll.)

Consistent with radial flow effects

57

)= |
® | BlastWave <dN. /dn>=17
0.2 N/dn
< {1 Central T;;=250+5 MeV/ <dNCh/drl:>=70
3 1 T, =110 MeV & <>=0.4 <dN_/dn>=140
] | <dN,/dn>=193
0.15 +‘
i Peripheral I
SemiPeripheral |
1 SemiCentral
0.05 | Central
0_
0 0.5 1 1.5 2 2.5 3
S P, (GeV)

Reference line: w/N,,= 0.131f.ph.s.

Strong centrality-dependent suppression
at p1<0.8 GeV/c, beyond flow effects

Alberica Toia
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What did we get from NA60?

e high statistics & high precision dimuon spectra

e decomposition of mass spectra into “sources”

® gives access to in-medium p spectral function
e data consistent with broadening of the p

e data do not require mass shift of the p

e |large prompt component at intermediate masses

e dimuon m; spectra promise to separate time scales

e low mass dimuons shows clear flow contribution indicating
late emission

¢ intermediate mass dimuons show no flow contribution
hinting toward early emission

ec
Week
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